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The study of lateral interbody lumbar spinal surgery and designing an optimal 
intervetebral device is a complex endeavor. Interbody spinal fusion is performed for a 
variety of clinical situations, including back pain, vertebral fractures, and tumor conditions 
that require stabilization of the vertebral segments. The fundamental goal of spinal fusion 
is to attain a solid fixation at the implant-vertebral interface.  
  Replacement of a degenerated vertebral disc with an artificial intervertebral disc 
(AID) is currently possible, but poses problems mainly in the force distribution through the 
vertebral column. Data on the intervertebral disc space geometry will provide a better fit of 
the prosthesis to the vertebrae, but current literature on vertebral disc geometry is very 
scarce or not suitable [5]. During the design phase there are few concerns that must be 
considered. Subsidence of the interbody cage into the vertebral body may cause collapse of 
disc space, recurrence of spinal deformity and preoperative symptoms, or failure of the 
fusion. The core of the vertebral body is made of a softer less dense cancellous bone 
towards the center of the disk space and a much harder ring of cortical bone called the 
apophyseal ring on the outer perimeter. Through maximizing the footprints contact area 
(better stress distribution), and focusing greater percentage of that stress on the harder 
apophyseal ring we will see improved fusion results in accordance to Wolff’s law. Also 
improved endplate matching reduces the risk of implant migration or protrusion into the 
psoas muscle. The psoas houses many sensory nerves, and if compacted could cause pain in 
the patient (commonly chronic leg pain). 
   In this study, statistical method and clinical axial x-rays of lumbar vertebra 
endplates were used to formulate a ratio to size the anterolateral radius of a patients 
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lumbar vertebrae, based on the vertebras medial-lateral length. This technique, which was 
developed into a repeatable protocol, may be useful to consider in the design of any lumbar 
intervetebral device (particularly for one that is meant to span the disk space laterally).  
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The objective of this study was to conduct preliminary research in order to 
accumulate data that supports the lumbar spines anterolateral curvature. Ultimately, this 
data will be used to minimize common post-operative clinical concerns of spinal fusion. 
Presently accurate and comprehensive anthropometric data for the lumbar spine 
vertebrae, a frequent site for implantation surgery, are incomplete. Information on the 
precise dimensions of the lower lumbar vertebrae is, however, essential, for the rational 
design and development of spinal implants and instrumentation [6].  As the wide clinical 
demand for intervetebral lumbar devices continues to increase it becomes ideal to optimize 
implant design, thus maximizing patient and clinician satisfaction. Implications of this 
research could potentially lead to better designs of lumbar intervetebral implants for 
future clinical cases. 
The overall architecture of vertebral body is divided into cancellous bone (also 
referred to as trabecular bone and spongy bone) and cortical bone. Cortical bone forms a 
compact shell around the outer walls of the more delicate cancellous bone, which is formed 
by an interconnective latticework of trabeculae. In general, the peripheral skeleton is 
composed primarily of cortical bone, while the axial skeleton is composed of both 
cancellous and cortical bone (at the perimeter). Because the surface area of cancellous 
bone far exceeds that of cortical bone, and is more metabolically active, cancellous bone is 
more severely affected if bone remodeling becomes uncoupled [1]. In regards to an 
intervertebral implant load sharing through maximal vertebral endplate is crucial for 
maintaining bone strength. This principle is referred to as Wolff’s law. 
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Wolff's law is a theory developed by the German Anatomist/Surgeon Julius Wolff 
(1836–1902) in the 19th century that states that bone in a person or animal will adapt to 
the loads it is placed under. If loading on a particular bone increases, the bone will remodel 
itself over time to become stronger to resist that sort of loading. The internal architecture 
of the trabeculae undergoes adaptive changes, followed by secondary changes to the 
external cortical portion of the bone, perhaps becoming thicker and denser as a result. The 
converse is true as well: if the loading on a bone decreases, the bone will become weaker 
due to turnover, it is less metabolically costly to maintain and there is no stimulus for 
continued remodeling that is required to maintain bone mass [3]. Therefore an even stress 
distribution along with a normal stress distribution is vital, so to not weaken regions of the 
affected vertebra. The theory of Wolff’s law and the biomechanics behind load sharing 
between the device and host bone are paramount for postoperative outcomes of spinal 
fusion. 
Spinal fusion also known as spondylodesis or spondylosyndesis is a surgical technique 
used to join two or more vertebrae. In preparation for spinal fusion, the disc or portion of 
the disc is removed. A device may be placed between the vertebra to maintain spine 
alignment and disc height. The inter-vertebral device is made from a biocompatible 
material such as plastic or titanium, and they are usually packed with an osteogenic 
medium to promote bone growth. The fusion then occurs between the endplates of the 
vertebrae and inhibits motion of that segment to prevent pain to the patient (compression 
of the spinal cord). Two major post-operative issues of spinal fusion that this study is 
designed to minimize are subsidence into the vertebral body, and the impingement on the 
sensory nerves in the psoas muscle causing acute or chronic leg pain.  
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  Subsidence is of significant concern, especially when treating highly osteoporotic 
fusion patients, primarily due to the loss of interface strength between the cage and the 
vertebral body. Subsidence of the interbody cage into the vertebral body may cause 
collapse of disc space, recurrence of spinal deformity and preoperative symptoms, or 
failure of the fusion.  The proposed treatment methods to prevent implant subsidence into 
the vertebral body include: increasing the interbody device footprint to maximize contact 
area and reduce concentrated stress on the endplate, reinforcement of cancellous bone at 
load-bearing areas (endplate/screws) with PMMA and adding supplemental fixation to 
share load with the interbody cage [4]. Because the vertebral body consists of softer 
cancellous bone surrounded by a much denser apophyseal ring (cortical bone), designing 
an implant to transmit a larger percentage of load through the apophyseal ring is an 
essential objective in the design of a lumbar interbody implant. Although it is vital to 
maximize interface of the implant and the apophyseal ring; protrusion past endplate, 
infringing on surrounding tissues, can cause other problems.  
Limiting the protrusion beyond the vertebral body into the psoas is an issue 
possibly addressed through accumulating sufficient data of a patients lumbar vertebrae’s 
anterolateral curvature (AL radius, Figure 2 Appendix A) at the injured segment. The psoas 
muscle is lateral to the lumbar spine, and it houses sensory nerves that go to the lower 
limbs. Protrusion into the psoas can potentially compress or damage these nerves often 
causing acute or chronic leg pain in the patient. By matching an implant’s lateral radius 
with the end plate curvature you improve endplate matching and reduce the potential risk 
of compressing or damaging a nerve.   
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The knowledge of the volume dimensions is required to house an artificial interbody 
disc (AID). Currently, to implant existing AID’s, the endplates are surgically reduced to a 
flat plane to accommodate the artificial interbody disc (AID); therefore, compromising the 
strength of the vertebral shell. A more elegant solution will leave the endplates as intact as 
possible and have the AID adapt to the endplate through careful design. To the authors’ 
knowledge, however, data on the prevalent shape of the vertebral surface are very scarce 
[5]. The fundamental goal of this research is to accumulate data that would facilitate better 
design of a lumbar spine intervetebral device and encourage further research into this area.  
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Overview 
The purpose of this study was to engineer a method of estimating a patient’s 
anterolateral curvature of their lumbar spine vertebral body; in order to promote endplate 
matching of future artificial intervertebral disc designs. Based on clinical literature, I was 
able to extrapolate that the average anterolateral curvatures of a lumbar vertebrae varied 
in regards to different parameters. From Zhou’s research, we can see how the anatomy of 
the Lumbar spine varies in the different levels, and also in males verse females [6]. This is 
shown in more detail in appendix B.  
Using axial CT scans we were able to statistically formulate a ratio that correlates 
the radius of the anterolateral curvature (AL radius, Figure 2 Appendix A) to the medial 
lateral length (“a”, Figure 2 Appendix A). The medial lateral length is a parameter which 
drives the surgeon’s decision of which implant length to use.  
There were 21 axial images of various levels of lumbar vertebrae analyzed in CT 
scanning and MRI imaging. These scans are all shown in appendix A. The dimensions were 
calculated using Pro-E. Each image is multiplied by a specific scale factor so dimensions are 
therefore unit-less, and based on our desired value being a ratio of the anterolateral 
curvature divided by the medial lateral length (AL radius/ML length); the scale factor 
cancels and is unimportant. Table 1 shows the values acquired for AL radius, ML length, 
and their divided ratio; also it states what level of the spine the axial image was taken from. 
The data from this table was analyzed for statistical relevance. 
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Table 1: Measured Vertebral Body Geometry 
ML (x Scale Factor) AL Radius (x Scale Factor) Ratio (Rad/ML) Vertebrae Level 
103.0 31.0 0.301 L2 
99.0 32.5 0.328 L1 
108.8 45.6 0.419 L3 
103.0 47.2 0.458 L4 
48.0 15.5 0.323 L4 
48.0 15.0 0.313 L3 
53.0 21.0 0.396 L3 
53.2 21.4 0.403 L1 
47.1 17.7 0.377 L5 
66.3 26.5 0.400 L5 
36.9 13.1 0.355 L3 
66.3 22.1 0.334 L5 
66.5 32.0 0.481 L5 
39.0 13.5 0.345 L5 
61.6 24.2 0.394 L3 
52.9 20.0 0.378 L3 
60.8 23.7 0.390 L4 
86.2 32.5 0.376 L5 
55.8 21.7 0.390 L4 
76.4 31.0 0.406 L5 
26.0 9.86 0.378 L4 
 
Repetition is a useful way of increasing the percentage of success in scientific 
processes. Repeated processes became more robust because of the need for the scientist to 
improve their technique. Also the repetition of this process will yield more data; therefore 
yielding better results that are proportional to the number of times the process was 
performed.  
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From the analyzed axial scans shown in appendix A we statistically formulated a 
ratio of the anterolateral curvature and the medial lateral length of the endplates that will 
give us the radius of the AL curvature in proportion to the ML length. The average and 
standard deviation of the ratios are shown below in Table 2. 
Table 2: Final Average AL radius vs. ML length Ratio 
Average Ratio 0.378 
  
Standard deviation 0.044 
 
The size of our axial CT and MRI scans vary, due to an unknown scale factor, so I 
formulated a procedure to find a ratio between the ML length and the anterolateral radius. 
The mean ratio for AL curvature radius divided by ML length came out to 0.378 with a 
standard deviation of 0.044. In theory by multiplying this ratio by the ML length of the 
vertebral body (or the approximately matched implant length), we would get a legitimate 
estimate of the anterior radius on the vertebral body. I produced a linear regression in 
order to show the correlation of AL radius and ML length is statistically significant. The 
regression is shown below. 
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The linear regression chart below shows validity in our results. We compared the 
relationship between the AL radius and the ML length and produced a linear regression 
line. The R2 value that was achieved was 0.87 (or 87%). Our R2 value shows a high 
correlation between our two parameters, and this relationship is what allows the ratio 
theory to be affective for the lumbar vertebra endplate’s anterolateral curvature. Below is a 
statistical summary of the linear regression produced above. 
Statistical Output Summary from Table 1 
Regression Statistics 
 Multiple R 0.932453674 
R Square 0.869469853 
Adjusted R Square 0.862599846 
Standard Error 3.681326166 
Observations 21 
y = 0.3953x - 0.9353
R² = 0.8695
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ANOVA 
     
 
df SS MS F Significance F 
Regression 1 1715.164974 1715.16497 126.560244 7.64576E-10 
Residual 19 257.4910845 13.5521623 
  Total 20 1972.656059 
   
 
Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
Intercept -0.935320564 2.409881184 -0.388119 0.70224233 
-
5.97925985 4.108618723 
X Variable 1 0.395325123 0.035140324 11.2498997 7.6458E-10 0.32177558 0.468874667 
From the statistical summary, we obtained a P-value of 7.6458E-10, and we used an 
alpha equal to 0.05. Therefore, we can be 95% confident that a correlation exists in the 
experimental data. 
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Study overview 
The results of this study produced successful results in terms of supporting the 
proof-of concept for relating the anterolateral curvature to the medial lateral length in the 
lumbar spine. The physical anatomy of humans is variable, and there is no design that will 
match every patient’s anatomy perfectly.  A mean formulation can be useful if it produces, 
in any way, better endplate matching, especially as implants continue to evolve and 
surgeons become comfortable with larger surface area devices.  
From my resources and methods this study did include limitations. The images used 
(appendix A) varied in quality and measurements were estimated using computer software 
not specifically designed for such functions (Pro-E). If the resources were available a 
cadaveric study might produce more accurate measurements than axial x-ray or MRI, and 
respectively lead to better data and results. Still the overall attitudes towards the study’s 
results from other engineers and clinicians seemed excellent. 
This study was designed to be easily reproducible; in the future if the study were 
expanded on it would be extremely beneficial to include more geometrical data of the 
vertebral body and disc space. For example the superior and inferior concavity of the 
different lumbar endplates is crucial for implant endplate interface, and could help mitigate 
the risk of expulsion and migration if considered in design.  It is possible that a collective 
array of this data could improve anatomical consideration in device design, ultimately 
improving clinical success. 
 
 
15 
 
Relevance 
I developed this method for finding the ratio that produces the anterolateral 
curvature of the lumbar spine based on the medial lateral length while completing a six-
month co-op at a medical device company. The company is a creative spine company that 
specializes in minimally invasive lateral spine surgery. 
I was assigned with designing a new laterally implanted PEEK fusion cage that was 
being developed in order to generate more endplate coverage (26mm wide). All previous 
fusion cage systems had a constant anterolateral curvature (radius=0.5mm). For this extra 
wide case, due the increased width of this implant the protrusion of the anterolateral 
corners became more of an issue, and matching the curvature of the endplate became more 
important. From my research in regards to this problem I developed the process I used to 
obtain the ratio (AL radius/ML length). 
After developing the ratio I multiplied it to all of the standard implant lengths; 
consequently, introducing varying anterior corner radii for all the different length implants. 
From these results the implant sizes now have radii similar to the ones stated in Table 3 
below, so to best mimic patient anatomy. 
Table 3: Proposed Radius Based on Clinical Data 
Implant size (mm) Proposed Radius (mm) 
40x26 15.13 
45x26 17.02 
50x26 18.91 
55x26 20.80 
60x26 22.69 
65x26  24.58 
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 In the time I worked for this medical device company this new fusion cage was not 
yet launched, but an alpha launch to a few specific design surgeons took place in order for 
us to acquire clinician feedback. The first case we received feedback from was a revision 
case of a woman who came into surgery with a pseudo at L4/L5 and 12mm tall cage that 
was backing out.  The surgeon removed the 12mm tall cage and implanted a 10° lordotic 
implant (55mm length and 21mm anterior corner radii). X-rays from this case are shown 
below in Figure 1.  
  
Figure 1:  (Anterior X-ray (left) and lateral X-ray (right) of custom XLIF implant, 
implanted in L4/L5 disc space.)  
This surgeon gave many comments in regards to the implant. In respect to the 
anterolateral radius that was calculated in this study he said, “Anterior radius (thought it 
matched the anatomy well, even with the anterior reposition putting them farther anterior 
than they originally targeted he thought it still was a perfect fit).” This is only an opinion 
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from one surgeon about one case, but for this individual the function produced for 
anterolateral curvature with respect to medial lateral length seemed to work well. 
Currently this implant design is being evaluated by a few more surgeons in various 
cases. Their comments will all be analyzed and compared from various cases and possibly 
implemented into the design. The production and initial launch of the product is scheduled 
for later this year. 
Conclusion 
Information on the exact shape and geometry of the vertebral endplates is 
important for understanding the biomechanics and morphology of the spine. The design of 
orthopedic implants depends on such information. There is an ever-increasing desire to 
improve and design new orthopedic implants. The diversity in vertebral geometry, 
however, makes such a task difficult. The future may lie in custom-made implants. With 
this for every person a perfect fit based on a pre-implant measurement using CT data [5]. I 
believe the success of this study warrants further research into the anatomical spinal 
geometry, and this research be integrated into designing implants that more accurately 
match the bony anatomy of the patient population.  
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All 21 Sample images are shown. Using Pro-E the images were measured in the 
medial lateral direction (“a”) and also the radius of the anterolateral curvature (AL radius) 
of the endplates; these dimensions are shown in Figure 2 below. Then by dividing the AL 
radius by the medial lateral length (“a”) we produce a ratio, which is also recorded. 
 
Figure 2: A cross-sectional image of the fourth lumbar vertebral body in a 47-year-old 
male subject (“a” can correspond to the medial lateral length) 
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Figure 3: 69-year-old woman with colon cancer. Contrast-enhanced MDCT scans show 
the L1 vertebrae. 
 
 
Figure 4: 69-year-old woman with colon cancer. Contrast-enhanced MDCT scans show 
the L2 vertebrae. 
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Figure 5: 69-year-old woman with colon cancer. Contrast-enhanced MDCT scans show 
the L3 vertebrae. 
 
 
Figure 6: L3 vertebrae (Medial lateral length shown as 42.05mm). 
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Figure 7: L3 vertebrae 
 
Figure 8: L3 vertebrae 
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Figure 9: L1 vertebrae 
 
 
 
Figure 10: L5 vertebrae 
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Figure 11: L5 vertebrae 
 
 
Figure 12: L3 vertebrae 
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Figure 13: L5 vertebrae 
 
 
Figure 14: L5 vertebrae 
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Figure 15: L5 vertebrae 
 
 
 
 
 
Figure 16: L3 vertebrae 
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Figure 17: L3 vertebrae 
 
 
 
Figure 18: L4 vertebrae 
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Figure 19: L5 vertebrae 
 
 
 
Figure 20: L4 vertebrae 
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Figure 21: L5 vertebrae 
 
 
 
Figure 22: L4 vertebrae 
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 The size and overall geometry of the spine is variable. Table 4 summarizes the mean 
values, standard deviations and range of data for the lower lumbar spine obtained from 
measurements of cross-sectional and lateral CT images in 126 patients. And Figure 23 
below is necessary for interpreting the dimensions measured in Table 4. 
 
 
Figure 23: A cross-sectional image of the fourth lumbar vertebral body in a 47-year-old male subject 
(UVW upper vertebral width, LVW lower vertebral width, UVD upper vertebral depth, LVD lower vertebral 
depth, SCW spinal canal width, SCD spinal canal depth, PDW pedicle width, TPL transverse process 
length, Cth cortical bone thickness) 
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Table 4: L3, L4, and L5 lumbar vertebral body dimensions (mm) for 126 patients (mean ± 
SD) (UVW upper vertebral width, UVD upper vertebral depth, LVW lower vertebral width, 
LVD lower vertebral depth, VBHp vertebral body height posterior, VBHa vertebral body 
height anterior, DH disc height, SCW spinal canal width, SCD spinal canal depth, PDW 
pedicle width, PDH pedicle height, TPL transverse process length, Cth cortical bone 
thickness) 
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The most significant dimension in this study, because it is theorized to control the 
anterolateral radius, is UVW (“a” in Figure 23). Due to the desire to concentrate a higher 
magnitude of the stress concentration on the denser cortical apophyseal ring; the thickness 
(Cth in Figure 23) is accounted for, and potentially should be analyzed in greater detail due 
to its importance. From Table 4 we see that these dimensions vary at the different lumbar 
levels and also for males and females there is quite a large range for the UVW dimensions. 
Because this is the dimension that is proportionate to the curvature it is likely that the 
radius of curvature is not consistent for different size vertebra. 
 
Table 5 Measurement of the circumference and area (mm or mm2) of the fourth lumbar 
vertebral endplate in ten patients (C circumference of the endplate) 
 
This table allows us to get a better idea of lumbar vertebral body sizes and geometries. 
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Table 6 The mean value, mean difference and standard deviation (mm) of the difference 
for each variable as assessed by duplicate measurements in ten patients. The standard 
deviation of the difference and mean value can be used to estimate the precision of each 
measurement  
 
 
The above table allows us to get a good grasp of the accuracy of measurement and 
variability of anatomy in Zhou’s study [6]. 
 
 
